We monitored the crystal growth kinetics of crystallization of a shear melted crystalline colloidal array (CCA). The fcc CCA heterogeneously nucleates at the flow cell wall surface. We examined the evolution of the (1 1 1) Bragg diffraction peak, and, for the first time, quantitatively monitored growth by measuring the temporal evolution of the Bragg diffraction interference fringes. Modeling of the evolution of the fringe patterns exposes the time dependence of the increasing crystal thickness. The initial diffusion-driven linear growth is followed by ripening-driven growth. Between 80 and 90 lM NaCl concentrations the fcc crystals first linearly grow at rates between 1.9 and 4.2 lm/s until they contact homogeneously nucleated crystals in the bulk. At lower salt concentrations interference fringes are not visible because the strong electrostatic interactions between particles result in high activation barriers, preventing defect annealing and leading to a lower crystal quality. The fcc crystals melt to a liquid phase at >90 lM NaCl concentrations. Increasing NaCl concentrations slow the fcc CCA growth rate consistent with the expectation of the classical Wilson-Frenkel growth theory. The final thickness of wall-nucleated CCA, that is determined by the competition between growth of heterogeneously and homogenously nucleated CCA, increases with higher NaCl concentrations.
Introduction
Charged, monodisperse colloidal particles suspended in relatively pure water can form randomly dispersed suspensions, crystalline colloidal arrays (CCA), or glassy structures [1] [2] [3] [4] [5] [6] [7] [8] [9] . Surfacecharged monodisperse colloidal particle suspensions will crystallize into non-close-packed CCA with fcc or bcc structures over wide ranges of particle concentrations, surface charge densities, and salt concentrations [5, 6] . The samples can be polycrystalline or they can form large single crystal domains [10] [11] [12] [13] [14] [15] . The degree of CCA ordering depends on the colloidal particle size and charge, as well as the particle size and charge monodispersity, the average spacing between particles, and the solution ionic strength, the temperature, and the medium dielectric constant, all of which impact the electrostatic interactions between particles [16] [17] [18] [19] [20] .
Very low particle charge and/or very high charge screening can result in particle repulsive interactions so small that the thermal kinetic energy of the particles exceeds their primary interparticle repulsive energy barriers. This allows the attractive van der Waals forces to dominate, which results in irreversible particle flocculation [21, 22] .
Increasing particle charge will electrostatically stabilize colloidal particle dispersions, preventing particle flocculation. For modest electrostatic stabilization the colloidal particles will not show long-range order and, thus, adopt a liquid-like phase with short range ordering [1, 2, 13, 23, 24] . At larger electrostatic interactions the particles can self-assemble into well-ordered CCA [1, 13, 14, 25] . The equilibrium particle ordering in this case is generally in an fcc or bcc structure.
Further increases in particle electrostatic interactions can create systems where the interparticle repulsive interactions are too large for the particles to crystallize into highly ordered crystalline states [4] . This is because the electrostatic interactions are too large to allow the particle motion and density fluctuations which enable crystal annealing. The system in this case forms a vitreous glass or an amorphous solid [4, 7, 9, [26] [27] [28] .
The kinetics of ordering of these glassy and amorphous solid systems can be very slow to nonexistent [4, 7, 26, 27] . However, these systems can be induced to order by applying mechanical perturbations such as shear forces parallel to the container walls that induce particle layer assembly parallel to the walls; the shear forces overcome the activation barriers for particle motion [9, 13, 14, [29] [30] [31] [32] [33] [34] .
Previous studies of colloidal crystal growth in strongly electrostatically repelling colloidal suspensions show two regimes: linear growth followed by growth by ripening. In the linear crystal growth regime the growth kinetics are controlled by particle diffusion from the melt to the growing colloidal crystal surface. The growth rates of homogeneously nucleated crystals have been measured over a large range of colloidal particle volume fractions as well as increasing salt concentrations at constant colloidal particle volume fractions [13, [30] [31] [32] 35] . The growth rates of bcc CCA heterogeneously nucleated at the container cell wall have been measured and found to vary between 0.1 and 10 lm/s for colloidal suspensions of 102 nm diameter particles and 450 charges [36, 37] . Increasing the volume fraction of these colloidal particles from 0.0013 to 0.0024 increases the growth rate 1000-fold from 0.01 to 10 lm/s. Increasing the NaCl concentration from 0 to 1.2 lM while holding the colloidal particle volume fraction fixed decreases the colloidal crystal growth rate from 10 to 0.01 lm/s.
From these studies it appears that both homogeneously and heterogeneously nucleated colloidal crystal growth rates follow the Wilson-Frenkel growth law [13, 30, 35, 36, 38, 39] . There are fewer studies of the growth rates of more strongly electrostatically interacting particles that commonly form fcc CCA.
An understanding of the crystal growth mechanisms of CCA is important for optimizing this growth to form large single domain crystals for use as photonic crystals [11, [40] [41] [42] [43] [44] . Thin films of these crystals can be used to reject narrow bandwidths of light from the UV to near-IR spectral regions [11, 10] .
Numerous methods have been used to study the degree of ordering of CCA. Methods utilizing confocal and visual microscopy are able to image colloidal particles in the first few layers of a colloidal crystal [36, [45] [46] [47] [48] .
The CCA Bragg diffraction intensities and bandwidths can provide information on the crystal ordering [48] [49] [50] [51] [52] [53] . In the thick crystal limit a decreasing crystal ordering results in a decrease in the Bragg peak intensity and an increase in the angular width. For example, Colvin and co-workers showed that the Bragg-diffracted intensities decrease for close-packed CCA fabricated with increasing colloidal particle size polydispersities [48] . Norris et al. demonstrated for solid close-packed CCA that the interference fringe modulation depths decrease with increasing disorder [54] .
In the work here, we examine the growth kinetics of CCA formed from highly charged colloidal particles in suspensions containing different NaCl concentrations. We observe for the first time Bragg diffraction fringes from non-close-packed liquid CCA samples. We use these interference fringes to monitor the growth of the CCA out from the wall where they heterogeneously nucleate.
Materials and methods
Our CCA are composed of 200 ± 3 nm diameter polystyrene colloidal particles (2.52 Â 10 13 particles/cm 3 ) which each possess 33 000 surface sulfonate groups. We added NaCl to the particle dispersions to partially screen the electrostatic interactions in order to achieve ordering kinetics in the seconds time frame, which is easily studied. We previously characterized the structure of our CCA without adding NaCl and found them to be fcc [55] . Since the (1 1 1) plane diffraction wavelength did not change with NaCl addition no transition to a bcc structure occurred, indicating that the samples studied here are all in an fcc structure; if an fcc to bcc phase transition occurred due to the NaCl-induced decrease in the electrostatic repulsions between particles the Bragg peak wavelength would have blue-shifted $25 nm.
We monitored the ordering and growth of CCA from the wall by measuring the relative intensities of the Bragg fcc (1 1 1) diffraction peaks and the interference fringes in the wings of these Bragg diffraction peaks. The fringe spacings are known to depend on the crystal thickness [54, 56] . Thus, measurements of the fringe spacings directly indicate the thickness of the growing CCA crystals. As far as we know this is the first report to observe these fringes in liquid CCA samples and the first to utilize their time-dependent spacings to monitor CCA growth kinetics. We mechanically perturbed this sample by inducing shear flow and then tapped on the container to mechanically disturb the CCA to speed up its crystallization. The peak centered at k B ¼ 861 nm derives from first-order Bragg diffraction from the fcc CCA (1 1 1) planes.
On both sides of the first-order Bragg diffraction reflection peak we observe intensity oscillations which damp off at wavelengths away from the Bragg maximum [49, 55, [57] [58] [59] . These fringes result from the partial constructive interference for light which is backscattered from the (1 1 1) planes within the crystal [57] .
The highest particle density fcc (1 1 1) planes orient parallel to the sample cell wall, such that normally incident light travels along the normal to the (1 1 1) planes [2] . The (1 1 1) plane diffraction occurs at k B ¼ 2d 111 n avg sin h, where k B is the wavelength of light in vacuum, n avg is the CCA average refractive index, d 111 is the (1 1 1) plane spacing, and h is the glancing angle, that for normal incidence is p/2 giving k B ¼ 2d 111 n avg . We calculate a volume-averaged CCA refrac- This fringe pattern can be used to determine the thickness of the CCA fcc crystal. We search for the crystal thickness which gives the best match between the calculated and the observed fringe patterns. We model the CCA diffraction as if it results from a 1-D stack of bilayer dielectric slabs which have periodicities and an overall average refractive index that is identical to those of the CCA [59] . We determined the thicknesses and refractive indices of the dielectric slab bilayers by requiring them to show the same reflectance as that of a single CCA fcc (1 1 1) layer calculated in the kinematic single scattering approximation [59] . Our modeling of Fig the CCA into the flow cell and then waited until the CCA ordered to its maximum extent, as monitored by the plateauing of the increasing intensity of the (1 1 1) first-order Bragg diffraction peak. We then perturbed the CCA ordering by injecting more sample such that the sample volume in the flow cell shifted 1 cm down the flow cell, giving a shear rate of $14 s À1 for this 700 lm thick flow cell. We then monitored the diffraction evolution after this perturbation. For our CCA samples we only observe spontaneously formed fringes in samples with NaCl concentrations between 75 and 90 lM. Samples at higher salt concentrations do not form well-ordered CCA because the electrostatic interactions are too weak for long-range crystalline order. Lower salt concentration samples will show fringes only if they are forced to order by repetitive shear and/or by mechanical tapping on the container wall to force ordering as in Fig. 1 .
Results
Fig . 2 shows the time evolution of the diffraction and fringe peaks collected at normal incidence for fcc CCA samples with NaCl concentrations of 75, 80, 85, and 90 lM. The time-resolved diffraction measurements are shown as overlapping diffraction spectra acquired every 0.2 s over a 1-min period. We scaled the contrast of the resulting intensity profiles to visually maximize the number of interference peaks observed. Fig. 2 shows that the number of visible fringes increases with increasing NaCl concentrations up until 85 lM. Fringes do not spontaneously form under these shear flow conditions for NaCl concentrations below 75 lM. These colloidal particle suspensions with NaCl concentrations above 90 lM do not show formation of the diffraction peak over a period of 24 h after injection. A decreasing fringe spacing with an increasing fringe modulation depth indicates a growing, increasingly ordered crystal [56] . Fig. 3a shows the first-order Bragg diffraction peak intensities as a function of time for CCA containing 75, 80, 85, and 90 lM NaCl concentrations. The data show an initial rapid increase in peak intensity for each CCA sample, with very similar initial rates for 75 and 80 lM NaCl, but with decreasing initial rates for the 85 and 90 lM NaCl concentrations. The largest Bragg diffraction peak intensities are achieved for the 85 and 90 lM NaCl concentration CCA. After $20 s, the 85 and 90 lM NaCl CCA show identical Bragg diffraction peak intensities. Utilizing the bilayer slab modeling of the fringe pattern as discussed above as a function of time after shear perturbation we calculated the time dependence of the growing crystal thickness (Fig   3b) . The 75 lM NaCl CCA sample is not included because fringes were not observed.
In Fig. 3b, 80 lM NaCl CCA thickness shows a rapid initial growth which stops abruptly after 6 s, where the CCA achieves a final thickness of 22 ± 0.4 lm. The 85 lM NaCl CCA sample growth rate is slightly slower than that of the 80 lM NaCl CCA and saturates by $25 s while achieving a thickness of 43 ± 0.5 lm. The 90 lM NaCl CCA has the slowest growth rate, where the increasing thickness does not saturate within the measured 50 s time frame. At 50 s after shear the 90 lM NaCl CCA thickness increases to 54 ± 0.6 lm.
The reflection intensity of the main Bragg peak in Fig. 1a reaches a plateau after 5-6 s for all our samples. However, from Fig. 3b , we see that the wall crystal thickness for the 85 and 90 lM samples continues to increase after 6 s. The saturation of the main Bragg peak results from reaching the so-called thick crystal limit, the point at which crystal thickness is increased to the point where it diffracts essentially all incident light. Any further increase in thickness cannot affect the Bragg peak intensity. Our slab modeling of diffraction intensity shows that a perfectly ordered 16 lm thick wall crystal should diffract 90% of the incident light. This 16 lm thickness is reached after $5 s (Fig. 3b) .
A simpler method for calculating the crystal thickness based on a kinematic approximation gives essentially the same crystal thicknesses. In this model the intensity of the back-diffracted light is proportional to the structure factor:
where M is the number of (1 1 1) planes having a well-defined inter-plane spacing. We calculate the thickness of ordered CCA along the (1 1 1) normal by calculating the number of (1 1 1) planes involved in the diffraction, which is
where k 1 and k 2 are adjacent fringe peak wavelengths. The thickness of the ordered fcc CCA is T ¼ ðM À 1Þd 111 . In Fig. 3c we calculated the crystal thickness by using fringe pairs furthest away from the Bragg diffraction peak. We get crystal thicknesses very similar to Fig. 3b . The fringe pairs spacing decreases for interference fringes closer to Bragg diffraction peak because of multiple scattering effects [57, 58] . Therefore, fringe pairs closer to the Bragg diffraction peak give slightly larger calculated crystal thicknesses.
Discussion

CCA growth
Application of shear to the CCA sample disorders the system which causes the Bragg diffraction peak to disappear. The Bragg diffraction peak reappears immediately after cessation of shear, indicating prompt crystal nucleation at the wall. The evolving interference fringe patterns in Fig. 2 indicate that after cessation of shear a CCA crystal of uniform thickness (over the measured 0.5 cm diameter spot size) grows out from the wall [37] . Homogeneous nucleation appears to also occur within the bulk of the colloidal suspension giving rise to growing randomly orientated CCA domains which eventually stop the growth of the wall-nucleated CCA [30, 37, 60] .
In Fig. 3b the CCA thickness time dependence can be separated into three regions. The first region corresponds to a rapid and linear initial growth from the cell wall. These initial growth velocities decrease with increasing NaCl concentrations (4.2, 2.3, and 1.9 lm/ s for the 80, 85, and 90 lM NaCl CCA samples).
According to classical Wilson-Frenkel growth theory the growth rate follows v = v 1 (1-exp(ÀDl/k B T)), where v 1 is the limiting velocity and Dl is the chemical potential difference between the melt and the crystal. Palberg and co-workers calculated the Wilson-Frenkel growth velocity of a growing bcc CCA using the DLVO interaction potential between colloidal particles and found that the growth velocity decreases with increasing salt concentration [36] . Our experimental observation are consistent with the Wilson-Frenkel law dependence [35, 61, 62] . The linear CCA growth is due to colloidal particle diffusion from the liquid-like phase to the growing colloidal crystal surface where it adds to help grow the crystal [13] .
The wall crystal growth was measured by Wette et al. in a relatively dilute system where the equilibrium crystal structure is bcc [63] . They observe a delay in the heterogeneously wall-nucleated crystal growth. This may result from the requirement of a recrystallization of the flow-induced rhcp structure to the final equilibrium bcc structure. Our results for a more concentrated system do not show a delay in the wall crystal growth. This could be because the evolution from the rhcp structure to the fcc structure requires only registering of the hexagonal planes. In addition, Bragg diffraction from the fcc (1 1 1) planes may not significantly differ from that of the rhcp stack.
The second region spans the time period between when the growth begins to slow and when the growth begins to stop. The slowing growth probably occurs due to contact of the growing CCA from the wall against homogeneously nucleated CCA crystallites within the bulk [37] . Fig. 3b shows that second region time span increases with increasing NaCl concentrations. At 80 lM NaCl the second time region lasts $5 s. For 85 lM NaCl the second growth span time interval increases to 25 s. The time span is longest for the 90 lM NaCl CCA where the CCA thickness continues to grow past our entire measurement time period.
The CCA continues to grow out from the wall in region 2 even after contacting the homogeneously nucleated crystallites probably due to a crystal ripening phenomenon whereby larger CCA crystals grow at the expense of smaller CCA crystallites [64, 65] . Colloidal particles melt from smaller CCA domains and attach to larger CCA domains [65] . The particles that transfer from small to large crystallites must surmount electrostatic repulsion activation energy barriers which decrease as the NaCl concentration increases.
Thus, ripening is expected to result in the slowest region 2 growth for the 80 lM NaCl CCA. Increasing the NaCl concentration to 85 and 90 lM NaCl decreases the activation barriers which should increase the growth rate compared to that at lower NaCl concentrations. In region 3 the entire sample volume has crystallized, ripening has dramatically slowed because there are no small crystallites left. Fig. 3d shows a log-log plot of the crystal thickness growth data of Fig. 3b . We find a t 1/3 power law dependence as shown by the thin lines. The initial region of crystal growth in Fig. 3d shows a slope corresponding to a t 1 power law. The second ripening region for the 80 and 85 lM salt samples show a t 1/3 power law, which is expected for the Lifshitz-Slyozov coarsening behavior found for systems with conserved order parameters [39, 64, 65] . There is a transition region between the t 1 and the t 1/3 growth regions, probably because of the combination of the diffusion-controlled Wilson-Frankel growth mechanism and coarsening crystal growth mechanism [39] . For the 80 lM salt sample we also see another region at the longest times when crystal ripening growth gradually stops and the wall crystal thickness remains constant over the measured time interval. Our data for 85 and 90 lM salt samples unfortunately do not extend long enough to monitor this region where the crystal thickness stops growing.
CCA ordering quality
The number of interference fringes and their relative intensities depend on the quality of the CCA ordering. Interference fringes require that the CCA crystal has a well-defined number of uniformly spaced well-ordered crystal layers. Decreasing layer ordering and uniformity will decrease the modulation of the interference fringes making them less evident [54] . Therefore, we can utilize the interference fringe pattern to monitor CCA ordering.
Interference fringes do not appear for CCA with NaCl concentrations <75 lM in the absence of mechanical perturbations. The fringes only spontaneously appear for our CCA samples with NaCl concentrations between 80 lM and 90 lM NaCl (Fig. 2b) , indicating that at these salt concentrations the CCA are able to nucleate 75 µM 90 µM 85 µM 80 µM Fig. 2 . Diffraction intensity as a function of time for the first-order Bragg diffraction from the fcc (1 1 1) planes observed at normal incidence for four CCA samples containing 75 80, 85, and 90 lM NaCl concentrations. The data show the annealing process of the CCA after shear flow is applied to the CCA. The lighter bands surrounding the first-order Bragg diffraction peak show the fringe pattern evolution as the CCA thickness increases. The intensities were scaled to maximize the fringe visibility.
at the wall and anneal into well-ordered crystals. The improved ordering of these CCA is also signaled by increased Bragg diffraction intensities compared to those at the lower NaCl concentration CCA. In the thick crystal limit larger Bragg intensities indicate less diffuse scattering and better crystal ordering [66] .
The 85 lM NaCl CCA shows the largest number and most modulated interference fringes indicating that it is best ordered. There are fewer, less visible fringes for the 90 lM NaCl CCA, although the Bragg diffraction intensities and widths are identical. The interference fringes appear to be a more sensitive indicator of crystal order than the Bragg diffraction intensities and bandwidths.
The decreased ordering of the higher concentration 90 lM NaCl CCA presumably results from the fact that we are approaching salt concentrations where the CCA melts. The poorer ordering of the lower salt concentration CCA in the absence of mechanical perturbation obviously results from the slow crystallization kinetics due to high activation barriers for annealing [44, 64, 67] .
Different crystal defects can differentially impact the visibility of the interference fringes. Interference fringes become less visible if there is a variation in spacing between hexagonal layers, or if the (1 1 1) layers are distorted from the shape of an ideal plane. Thus, the fringes will become less visible if the incident light simultaneously samples several domains with a different numbers of layers. Therefore our method based on monitoring interference fringes is limited to the single domain crystals of relatively high quality. Stacking faults and different stacking of layers will have little or no effect on interference fringes.
The lack of well-ordered wall-nucleated crystals for CCA samples containing NaCl concentrations below 80 lM results in a lack of visible fringes. At low salt, defects do not spontaneously anneal because the relatively high electrostatic interactions between colloidal particles freezes kinetic annealing processes. For intermediate salt concentrations the crystals can be forced to anneal by application of mechanical perturbations such as shearing and tapping. By repeated shearing and mechanical tapping we were able to obtain interference fringes for the 35 lM NaCl sample as shown in Fig. 1 . Typical light scattering experiments to determine the size of a growing crystal measure the width of the Bragg peak for a colloidal crystal having low dielectric contrast between the colloidal particles and the solvent. For these low contrast systems incident light is only weakly attenuated by the crystal. To achieve low dielectric contrast, special index matching techniques were often employed. In contrast, when the dielectric contrast becomes so large that the attenuation length is comparable with the size of a crystal, multiple scattering effects become important and crystal size cannot be determined from the width of the Bragg main peak. Paradoxically the same high value of dielectric contrast, that precludes obtaining the crystal size from the width of the main Bragg peak, helps us to determine crystal thickness from spacing between interference fringes, since the higher the dielectric contrast, the higher the interference fringe intensities.
Bragg diffraction blue shift
On shearing the 75, 80, 85, and 90 lM samples the Bragg diffraction peaks disappear. After shearing the Bragg peak of the growing wall-nucleated CCA crystal is initially blue-shifted relative to that before the shear by 2, 3.5, 7, and 9 nm, respectively (Fig. 2) . The Bragg peak then red-shifts until it reaches its previous equilibrium value. This Bragg diffraction blueshift probably results from a shear flow-induced colloidal particle concentration increase at the wall which equilibrates over time after cessation of shear. The concentration increase can result from the flow-induced elastically strained shear layers, which was previously observed by Palberg and Biehl [68] . The magnitude of the blue shift decreases as NaCl concentrations decrease because larger electrostatic repulsive interactions increase the resistance to particle concentration increases. These shear-induced particle concentration increases result in elastic energy storage within the CCA. After the shear forces dissipate this stored elastic energy drives the system back toward a homogeneous particle concentration, which causes the lattice constant and the resulting Bragg peak to relax back to its equilibrium value. All but the 90 lL NaCl sample fully relaxes within 1 min. The 90 lL NaCl sample takes longer, probably, in part, because of its smaller Young's modulus which resulted in a larger concentration increase as indicated by the larger diffraction blue shift. In addition, it is possible that crystal melting could be involved in storing elastic energy which would give rise to a long time constant relaxation.
The relaxation back to equilibrium is similar for the 80, 85, and 90 lM samples with a fast relaxation ($5 s) followed by a much slower relaxation ($1 min). The 75 lM NaCl sample relaxation differs from the other samples because it continues to blue shift for $5 s after cessation of shear. This suggests an additional stage of elastic response where a new source of elastically stored energy after cessation of shear continues to increase the particle concentration near the wall. We will continue to examine this process which occurs in CCA which have larger interparticle electrostatic interactions.
Conclusions
We monitored the growth of fcc CCA heterogeneously nucleated at the cell wall after shear melting by monitoring the Bragg diffraction intensities, and for the first time, the Bragg interference fringe patterns. Modeling of the evolution of the fringe patterns exposes the time dependence of the increasing crystal thickness. Between 80 and 90 lM NaCl concentrations the fcc crystals grow from the wall at rates between 1.9 and 4.2 lm/s until they contact homogeneously nucleated crystals in the bulk. At lower salt concentrations crystal nucleation is slow because the strong electrostatic interactions between particles result in high activation barriers preventing annealing. The fcc crystals melt to a liquid phase at >90 lM NaCl concentrations. Increasing NaCl concentrations slows the fcc CCA growth rate in accordance with the expectations of the classical Wilson-Frenkel growth theory.
